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,QWURGXFWLRQ
,QQRYDWLYH FDU ERG\ VWUXFWXUHV HJ IRU HOHFWULF PRELOLW\ DUH PDGH RXW RI FDUERQ ILEHUUHLQIRUFHG FRPSRVLWHV
&)53EDVHGRQLQIXVLRQWHFKQRORJLHVHJIRU%0:LRUL1HZDSSURDFKHVIRUIXQFWLRQLODOL]DWLRQRI&)53SDUWV
ZLWK WKHUPRVHW PDWULFHV DUH LQYHVWLJDWHG LQ D QXPEHU RI UHVHDUFK SURMHFWV %UXFNEDXHU HW DO  LQ H[DPSOH
LQWHJUDWH RI WKHUPRSODVWLF IRLO RQ &)53 VXUIDFH EHIRUH FXULQJ IRU HQDEOLQJ MRLQLQJ RI RQVHUWV ZLWKLQ VKRUW F\FOH
WLPHV EXW PDWHULDO FRPELQDWLRQV DUH OLPLWHG $Q DOWHUQDWLYH DSSURDFK ZDV IRXQG LQ ODVHU WHFKQRORJLHV /DVHU
WUHDWPHQW LV DOUHDG\ XVHG IRUPLFUR VWUXFWXULQJ SUHWUHDWPHQW IRU DGKHVLYH ERQGLQJ E\ %XHFKWHU HW DO  IRU
VKDIWLQJVWHSZLVHUHPRYDORIILEHUVDQGPDWUL[IRUWKHSUHSDUDWLRQRI)53UHSDLUE\)LVFKHUHWDODVZHOODV
IRUILEHUH[SRVLQJDQGIROORZLQJODVHUWUDQVPLVVLRQZHOGLQJRIGLVVLPLODUW\SHVRI)53E\$PHQGHWDO
%DVHG RQ WKHVH H[HPSODU\ KLJK SRWHQWLDO ODVHU SURFHVVHV D FRQVRUWLXP RI.UDXVV0DIIHL 7HFKQRORJLHV*PE+
%0:$*$5*(6*PE+3UHFLWHF*PE+	&R.*6HQVRUWKHUP*PE+=HLVV2SWRWHFKQLN*PE+IRUPHUO\
6WHLQELFKOHU2SWRWHFKQLN*PE+DQG WKH$DFKHQ&HQWHU IRU LQWHJUDWLYH/LJKWZHLJKW3URGXFWLRQ $=/RI5:7+
$DFKHQLVGHYHORSLQJDQLQWHJUDWHGSURFHVVFKDLQIRULQWULQVLFMRLQLQJRIWKHUPRVHWDQGWKHUPRSODVWLFFRPSRVLWHVE\
ODVHU SUHWUHDWPHQW IRU WKH VXUIDFH RI WKHUPRVHW &)53 LQ RUGHU WR VXEVHTXHQWO\ RYHUPROG WKLV VXUIDFH ZLWK
WKHUPRSODVWLFFRPSRXQG(PRQWVHWDO
)LEHU H[SRVLQJ LV D ' VXUIDFH SURFHVV ZLWKRXW GDPDJLQJ RI FDUERQ ILEHUV LQ RUGHU WR ORFDOO\ DEODWH WKH
DSSUR[LPDWHO\PWKLQHSR[\OD\HUVRWKDWWKHFDUERQILEHUVDUHH[SRVHGXSWRWKHFHQWHURIWKHWRSILEHUOD\HU
VHH ILJXUH F 7KH ILEHU H[SRVLQJ SURFHVV LV D VSHFLDO IRUP RI VXUIDFH VWUXFWXULQJ RI &)53 7KH UHVXOWLQJ
PLFURVWUXFWXUH HQDEOHV D ZHWWLQJ RI WKH MRLQLQJ SDUWQHU HJ WKHUPRSODVWLF FRPSRXQG LQ RYHUPROGLQJ SURFHVV E\






































2.1. Laser source 




IRFDO OHQJWK RI  PP WR D IRFXV VSRW RI P ZLWK D HðLQWHQVLW\ PHDVXUHG DQG YHULILHG ZLWK D 3ULPHV









2.3. Directly- and indirectly-induced ablation 
,Q JHQHUDO WKHUH DUH GLUHFWO\LQGXFHG DEODWLRQ SURFHVVHV ZKLFK DFW DW WKH VXUIDFH RI D PDWHULDO DQG
LQGLUHFWO\LQGXFHGDEODWLRQSURFHVVZKHUHWKHODVHUSHQHWUDWLRQGHSWKLVKLJKHUDQGWKHDEVRUSWLRQKDSSHQVZLWKLQ
WKH PDWHULDO ZKLFK OHDGV WR SURFHVV FRQFHQWUDWLRQ RQ GHHSHU PDWHULDO LQWHUIDFHV LI WZR SKDVHV ZLWK GLIIHUHQW
DEVRUSWLRQFKDUDFWHULVWLFVH[LVW ,QFDVHRIGLUHFWO\LQGXFHGDEODWLRQ WKHRSWLFDOSHQHWUDWLRQGHSWKRI ODVHUEHDPLV
VLJQLILFDQWO\ VPDOOHU WKDQ WKHPDWHULDO WKLFNQHVV VXUIDFHDEVRUSWLRQ7KLVPHDQVPRVWHQHUJ\ LVDEVRUEHG LQ WKH
PDWUL[PDWHULDORIDFRPSRVLWHDQG OHDGV WRDDEODWLRQZKLFK LVSURSRUWLRQDO WRSXOVHQHUJ\)RUH[DPSOHSXOVHG
XOWUDYLROHWODVHUVZLWKDZDYHOHQJWKRIQPXSWRQPRUSXOVHG&2ODVHUZLWKDZDYHOHQJWKRIPXSWR
PVKRZKLJKDEVRUSWLRQFRHIILFLHQWV IRU WKHUPRVHW UHVLQV.UHOLQJDQGFDQ WKHUHIRUHEHDVVLJQHG WR
GLUHFWO\LQGXFHGDEODWLRQ
8VLQJODVHUUDGLDWLRQZLWKDZDYHOHQJWKRIQPOHDGVWRDFRPSOHWHO\GLIIHUHQWDEODWLRQPHFKDQLVPLQWKLV
FDVH 2QO\ D VPDOO DPRXQW RI WKH HQHUJ\ LV DEVRUEHG LQ WKH WKLQ HSR[\ UHVLQ ILOP EHFDXVH RI D ORZ DEVRUSWLRQ
FRHIILFLHQWRIPP)LUEDQNHWDO7KHDPRXQWRIHQHUJ\ZKLFKUHDFKHVWKHFDUERQILEHUVLVE\URXJKO\





LQWHUIDFH ZLOO OHDG WR PHFKDQLFDO HIIHFWV RQ WKH WKLQ UHVLQ OD\HU 7KLV DEODWLRQ FDQ WKHUHIRUH EH FDOOHG DQ
LQGLUHFWO\LQGXFHGDEODWLRQ7KHIOXHQFHSDUDPHWHUKDVWREHFKRVHQLQVXFKDZD\WKHUHVLQLVDEODWHGEXWILEHUVDUH
XQDIIHFWHGDVIDUDVSRVVLEOH$QDO\VLQJWKHSURFHVV]RQHVSODVK\SDUWLFOHVDUHYLVLEOHVHHILJXUHD,WLVDVVXPHG
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WKDWUHVLQSDUWLFHOVOLIWRIIDQGIO\WKURXJKWKHJXLGHGEHDP%DVHGRQDEVRUSWLRQFKDUDFWHULVWLFVRIWRSVXUIDFHUHVLQ







FKDUDFWHUL]HG E\ D UHODWLYH VPDOO HIIHFWLYH SHQHWUDWLRQ GHSWK RI WKH ODVHU SXOVH FRPSDUHG WR WKH WKLFNQHVV RI WKH
DEVRUELQJOD\HUE\KDYLQJKLJKDEVRUSWLRQDQGXOWUDVKRUWODVHUSXOVHV7LPHUHVROYHGLQYHVWLJDWLRQVDQGVLPXODWLRQV
FRQILUP D XOWUDIDVW WKHUPDO H[SDQVLRQ GXULQJ KHDWLQJ DQG PHOWLQJ RI WKH ODVHUPDWWHU LQWHUDFWLRQ ]RQH DQG
PHFKDQLFDOEXOJLQJRIWKHWKLQILOPE\JHQHUDWLQJDVKRFNZDYHZLWKILQDOOLIWRIIDWQV'RPNHHWDO
,QGLUHFWO\LQGXFHGDEODWLRQPRGHO
7KHEDVLF LGHD RIKHUHXVHG WZR OD\HUPRGHO VHH FKDSWHU  LV WKH VHOHFWLRQRI DQRSWLPDO VFDOH RIPDWHULDO
PRGHO RQ WKH RQH KDQG 7KLV PHDQV IRFXVLQJ RQ WKH UHJLRQ RI LQWHUIDFH EHWZHHQ ILEHU DQG HSR[\ ZKHUH PRVW
UHHOYDQWPHFKDQLVPVDUHDFWLQJ2QWKHRWKHUKDQGHQDEOHVWKHFRPELQDWLRQRIVLPSOHWKHUPDOWKHUPRPHFKDQLFDO
DQGPHFKDQLFDOFDOFXODWLRQVGHVFULELQJFRPSOH[SKHQRPHQRQ
3.1. Two layer model and procedure of model 
)RUVLPSOLI\LQJWKHSURFHVVVSHFLILHGLQFKDSWHUDWZROD\HUPRGHOLVXVHG,QVWHDGRIURXQGRIWHQLUUHJXODUO\
GLVWULEXWHGFDUERQILEHUVDKRPRJHQHRXVFDUERQSODWHLVFRQVLGHUHG7KLVSODWHKDVLVRWURSLFWKHUPDOFKDUDFWHULVWLFV
7KH WKLFNQHVV RI FDUERQ ILEHU SODWH LV  P ZKLFK FRUUHVSRQGV WR WKH GLDPHWHU RI D FDUERQ ILEHU $ IXUWKHU
VLPSOLILFDWLRQLVWKDWWKHWRWDOHQHUJ\RIWKH*DXVVLDQEHDPFDQSDVVWKURXJKWKHHSR[\UHVLQZLWKRXWDQ\DEVRUSWLRQ
GXHWRWKHKLJKWUDQVPLWWDQFHRIWKHHSR[\UHVLQDQGWKHWKLQHSR[\ILOPRIDURXQGP




EHH[FHHGHG7KHRXWSXWRI WKHPRGHODUHVWDWHPHQWVDERXW WKHDELOLW\RIDEODWLRQGLPHQVLRQVRI WKHDEODWLRQDQG
+$=DVZHOODVWHPSHUDWXUHV
7KH HTXDWLRQV ZKLFK DUH QHFHVVDU\ IRU FDOFXODWLQJ WKH PRGHO DUH GHVFULEHG LQ WKH IROORZLQJ FKDSWHU 7KH
GLIIHUHQWLDOHTXDWLRQVDUHVROYHGZLWK0DWODE0HDVXUHPHQWVGHVFULEHGLQFKDSWHUDUHGRQHLQRUGHU WRYDOLGDWH
WKHKHUHJHQHUDWHGPRGHOUHVXOWV
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
)LJ3URFHGXUHIRUPRGHOOLQJRIOLIWRIISKHQRPHQDE\WZRSKDVHDSSURDFKIRUSURFHVVLQJ&)53VXUIDFHVZLWKVKRUWSXOVHG1,5ODVHU
3.2. Material parameters 
7KHTXDOLW\RI UHVXOWVVLJQLILFDQWO\GHSHQGVRQ WKHTXDOLW\RI WKHPDWHULDOSDUDPHWHUV7KHSDUDPHWHUVIRXQG LQ
OLWHUDWXUH YDU\ 7KH VXEOLPDWLRQ WHPSHUDWXUH RI HSR[\ LV LPSRUWDQW IRUPRGHOOLQJ ,W FDQ YDU\ IURP . XS WR
.)RUFDUERQILEHUVWKLVYDOXHLVEHWZHHQ.DQG.7KHUHIRUHDPDWHULDOSDUDPHWHUGHILQLWLRQZLWK











3.3. Foundations for model 





































Softening by epoxy heat-up
tepoxy < tlift-off
T > TCF = 800 K
Imax < ICF = 45.000.000 W/cm²
T > TCF = 450 K
Not considered: 
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3XOVHGODVHUDEODWLRQSURFHVVHVDERYHDSXOVGXUDWLRQRISLFRVHFRQGRUIHPWRVHFRQGEDVHRQHQHUJ\FRQYHUVLRQ
LQWR KHDW 7KH HQHUJ\ FRQYHUVLRQ DQG KHDW WUDQVSRUW IURP DQ LGHDO SRLQW VRXUFH DW D FDUERQ GLVN VXUIDFH FDQ EH
GHVFULEHGE\WKHGLIIHUHQWLDOHTXDWLRQVHH:HEHUHWDO7KHOHIWWHUPFRUUHVSRQGVWRWKHVWRUDJHFDSDFLW\RI




































T tμm    and   KTr     
7KHSDUDEROLFSDUWLDOGLIIHUHQWLDOHTXDWLRQFRUUHVSRQGVWRDWUDQVLHQW'KHDWWUDQVSRUWHTXDWLRQLQWKHGLUHFWLRQ
RISRODUFRRUGLQDWHVZLWKDQ LGHDOSRLQW VRXUFH%DHKUHWDO 7KH*DXVVLDQEHDPKDVEHHQ UHSODFHGE\DQ








LV D WUDQVIHU IURP VROLG WR JDVHRXV ZLWKRXW R[\JHQ LQSXW 7KLV HIIHFW ZDV DOUHDG\ XVHG IRU GHVFULELQJ VWUHVV
FRQGLWLRQVZLWKLQFRPSRVLWHVGXULQJKHDWXSZLWKFRQWLQXRXVZDYHUDGLDWLRQ'LPLWULHQNRHWDO'LPLWULHQNR
 'LPLWULHQNR  DQG 'LPLWULHQNR  %DVHG RQ WKH LGHDO JDV ODZ RI $YRJDGUR WKH JDV GHQVLW\
GHWHUPLQHGZLWK WKHGLIIHUHQWLDOHTXDWLRQFDQEHFDOFXODWHG WRJHWKHUZLWK WKHILHOGRI WHPSHUDWXUHDQGDVVXPHG
YROXPHDWWKHEHJLQQLQJRIEXOJLQJRUOLIWLQJ7KHGLIIHUHQWLDOHTXDWLRQGHVFULEHVWKHPDVVWUDQVSRUWRIJDV7KHOHIW












































 H[S gg KK M  
7KHLQLWLDODQGERXQGDU\FRQGLWLRQVDUHGHILQHGLQIRUPXODZKHUHE\UVXEPD[LPXPUDGLXVZLWK7!.LV





tU     and      SubrU   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0RVWS\URO\VLVVSHFLILFFRHIILFLHQWVXVHGIURPWKHOLWHUDWXUHRI'LPLWULHQNRHJWKHDPRXQWRIS\URO\VLV



















    
,W LV DVVXPHG WKDWPHFKDQLFDO HIIHFWV DFW LQ DYHU\ VKRUW WLPHSHULRGZKLFKPDNHV D VLPSOLILFDWLRQ WR D VWDWLF





  PD[  thrPPr SubSuDSub   SVS    
,IDOLIWRIIKDVWRRFFXUHWKHFDYLWL\SUHVVXUHUHODWLYHWRDWPRVSKHULFSUHVVXUHVKRXOGEHKLJKHQRXJKIRUVXUSDVV
WKHUHVLVWDQFHDJDLQVWVKHDULQJWKHFKLS7KLVUHVLVWDQFHLVGHSHQGLQJRQUHVLQOD\HUWKLFNQHVVDQGVKHDUVWUHQJWKıVRI
WKH UHVLQ 7KH ORZHVWPD[LPXP UHVLQ WKLFNQHVV WKPD[ FDQ EH FDOFXODWHG EDVHG RQ WKH HTXLOLEULXP5HGXFWLRQ RI




VXUIDFH DIWHU WKH HQG RI WKH SXOVH LV LPSRUWDQW ,Q UHODWLRQ WR HTXDWLRQ  WKH LQLWLDO DQG ERXQGDU\ FRQGLWLRQV DUH
DGMXVWHGWRGHVFULEHDWKHUPDOHQHUJ\EDODQFLQJZLWKRXWH[WHUQDOLQSXWFRPSDUH:HEHUHWDO









T tμm   






DQG LGHQWLILFDWLRQRIPLQLPXPSXOV HQHUJ\ WKHH[LVWDQFHRI OLPLWLQJHIIHFWV VKRXOGEH LGHQWLILHG IRU H[DPSOH WKH
LQFUHDVLQJ RI +$= LQ ZLGWK *DXVVLDQ YV IODWWRS SURILOH E\ WKH GLOHPPD RI RYHUFRPH WHPSHUDWXUH LQWHUYDO
EHWZHHQ . DQG . ([SDQGLQJ VSRWV DUH DWWUDFWLYH IRU LPSURYHPHQW RI KRPRJHQL]DWLRQ DQG LQFUHDVLQJ
DFFXUDF\IRURQJRLQJPHDVXUPHQWVRIDEODWLRQFUDWHU7KHPRGHOUHVXOWVLQILJXUHDUHJHQHUDWHGZLWKWKHIROORZLQJ




FDUERQILEHU3HDN LQWHQVLW\RIDYDOLGEHDPSURILOHPD\QRWEHDERYH WKHVHYDOXH7KHGLDJUDPPDW WKH WRSULJKW
LOOXVWUDWHVUHVXOWLQJWHPSHUDWXUHV LQ WKHILEHUUHVLQLQWHUIDFH7KHFRUUHVSRQGLQJGLDJUDPPDW WKHERWWRQVKRZVWKH






'XULQJSXOVDEVRUSWLRQDJUHDWTXDQWLW\RIJDVHV LVJHQHUDWHG LQ WKH LQWHUIDFHEHWZHHQILEHUVDQGHSR[\ZKLFK




([SHULPHQWV IRUYDOLGDWLRQZHUHGRQHZLWKDSXOV IUHTXHQFHRIN+]EHDPVSHHGRIPVSXOV OHQJWKRI
QV DQGSXOV HQHUJ\RIP- IRU SURYRFDWLRQRI VLQJOH FUDWHUV%\XVLQJ DQRSWLFDOPLFURVFRSH9+;RI
.H\HQFH 1HX,VHQEXUJ *HUPDQ\ WKH IROORZLQJ DVSHFWV ZHUH PHDVXUHG DUHD RI WKH WKLQ WRS UHVLQ OD\HU ZLWK
WXUELGLW\DVVXPHGDVKHDWDIIHFWHG]RQHDUHDRIVWURQJFDUERQILEHUGHJUDGDWLRQDQGDUHDRIILEHUH[SRVLQJ7KH
UHVXOWVRIWKHH[SHULPHQWVDUHVKRZQLQILJXUHWRJHWKHUZLWKWKHUHVXOWVIURPWKHPRGHO
7KH FDOFXODWLRQ UHVXOWV RI DEODWLRQ DUHD DQG +$= LV FORVH WR UHVXOWV LQ H[SHULPHQWV 6LJQLILFDQW GHYLDWLRQV
EHWZHHQPRGHODQGH[SHULPHQWVRQO\H[LVWVLIDYHUDJHSUHVVXUHLVQRWRYHUDWPRVSKHULFSUHVVXUHVHH-FPð,I
WKLVUHTXLUHPHQWLVQRWIXOILOOHGQRUHSURGXFLEOHDEODWLRQLVKDSSHQ)XUWKHUPRUHLQWKLVFDVHWKHODUJHVWDPRXQWRI
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$QH[SDQGLQJRIVSRWGLDPHWHUPHDQVDQH[SDQGLQJRIFURVVLQJSRLQWVEHWZHHQWKHWHPSHUDWXUHSURILOHDQGWKH
.DVZHOODVWKH.UHIHUHQFHOLQHVHHILJXUH7KHH[HPSODU\SLFWXUHVLQILJXUHSURYHWKLVILQGLQJ%DVHG























IOXHQFHV RI  -FPð XS WR  -FPð 7KHUHZLWK WKH YDOLGLW\ RI WKH PRGHO LV FRQILUPHG IRU WKLV UDQJH RI DYHUDJH
IOXHQFHVDOWKRXJKSRWHQWLDOIRURSWLPL]DWLRQLVVWLOOH[LVWLQJ1RQHWKHOHVVWKHPRGHOFDQEHXVHGJHQHUDWLQJIXUWKHU
ILQGLQJVIRUH[DPSOHUHJDUGLQJLQIOXHQFHRISXOVGXUDWLRQ
)XUWKHUYDOLGDWLRQRIPRGHOZLOO IROORZHJE\ WLPHUHVROYHG LQYHVWLJDWLRQV7KHVH LQYHVWLJDWLRQVZLOO LGHQWLI\
IXUWKHU GHWDLOV DERXW WLPH VHTXHQFH RIPHFKDQLVPV DQG GHWDLOV RIPHFKDQLFKDO HIIHFWV HJ IUDFWXUHPHFKDQLFV RU




WKH LPSOHPHQWDWLRQ RI KHUH XVHG GLIIHUHQWLDO HTXDWLRQV LQ D )(0 VLPXODWLRQ 7KLV KDV WR LQFOXGH WKH


















































:RO\QVNL $ +HUUPDQQ 70XFKD 3  +DORXL + /¶KXLOOLHU -  /DVHU DEODWLRQ RI &)53 XVLQJ SLFRVHFRQG ODVHU SXOVHV DW GLIIHUHQW
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